Summary: This article introduces a new forward population genetic simulation program that can efficiently generate samples from populations with complex demographic histories under various models of natural selection. The program (SFS_CODE) is highly flexible, allowing the user to simulate realistic genomic regions with several loci evolving according to a variety of mutation models (from simple to context-dependent), and allows for insertions and deletions. Each locus can be annotated as either coding or noncoding, sex-linked or autosomal, selected or neutral, and have an arbitrary linkage structure (from completely linked to independent). Availability: The source code (written in the C programming language) is available at http://sfscode.sourceforge.net, and a web server (http://cbsuapps.tc.cornell.edu/sfscode.aspx) allows the user to perform simulations using the high-performance computing cluster hosted by the Cornell University Computational Biology Service Unit. Contact: rhernandez@uchicago.edu Supplementary information: An extensive user's manual, performance statistics, and comparisons of patterns of genetic variation generated by SFS_CODE to theoretical expectations under various non-stationary demographic histories and models of natural selection are available on the project website: http://sfscode. sourceforge.net.
INTRODUCTION
Forward population genetic simulations have long played a crucial role in evolutionary biology, and have been advocated nearly as long as computers have been available (Fraser, 1957) . Forward simulations have been useful for guiding our intuition, testing theoretical approximations and evaluating the power of statistical tests, yet they remain an underutilized tool in current research. By following an in silico population generation by generation and mimicking all stages of the life cycle, it is possible to simulate data under highly complex scenarios that capture many of the factors that affect natural populations. However, with complexity generally comes a computational burden, the cost of which has driven many studies to use simplified approximations.
In contrast to forward simulations, generating samples backwards in time under the coalescent process (Hudson, 2002) can be * Present address: Department of Human Genetics, University of Chicago, Chicago, IL 60637, USA. extremely fast. However, because coalescent models of natural selection remain limited, forward simulations are the primary option for detailed analyses (particularly when considering selection across many linked sites). While previous implementations of forward simulation programs (e.g. Carvajal-Rodríguez, 2008; Guillaume and Rougemont, 2006; Hey, 2004; Padhukasahasram et al., 2008; Peng and Kimmel, 2005) have produced a wide range of options geared toward mimicking natural populations, many require the user to update source code files or write extensive scripts for their use. Here, I present the program SFS_CODE (Selection on Finite Sites under Complex Demographic Events) that provides flexibility and several novel features. In addition to allowing for a contextdependent mutation model (including CpG-effects, a major driver of mammalian evolution), this program also allows the user to simulate insertions and deletions as well as evolve populations under certain models of domestication. Importantly, SFS_CODE is a selfcontained program that is easily compiled, and can be run using simple command-line flags on a desktop computer or distributed across a computing cluster.
FEATURES AND METHODS
Among the features implemented in SFS_CODE is the ability to simulate more realistic gene regions, whereby each locus can be annotated as either coding or non-coding (e.g. exons, introns and up-/downstream regions). Mutations that fall within coding regions are classified as synonymous or non-synonymous based on the Universal Genetic Code, thereby allowing non-synonymous mutations to be driven by natural selection, while synonymous mutations can remain neutral. More generally, loci can have an arbitrary linkage structure (specifying either physical or genetic distances), and can evolve either neutrally or be subject to natural selection. Selective effects can be drawn from a wide range of possibilities (from a constant effect to a mixture of Gamma or Normal distributions with userdefined mixture components), and can vary across loci as well as over time. In addition, several mutation models have been implemented, from standard models of equal mutation rates (Jukes and Cantor, 1969) and transition-transversion biases (Kimura, 1980) , to fully context-dependent models of mammalian evolution with CpG effects (Hwang and Green, 2004) .
In SFS_CODE, several populations can be simulated with arbitrary divergence times and a general migration matrix (which can vary over time). Both male and female sexes are maintained, allowing biased sex ratios in each population as well as sex-biased migration patterns. Each population can experience its own demographic history (including multiple epochs of instantaneous, exponential and/or logistic population growth/decay), be exposed to differential effects of natural selection, evolve with different generation times or go extinct at any time.
At the beginning of the simulation, there is a single DNA sequence that is carried by every individual in the population. This sequence is either drawn from the stationary distribution given by the user-specified mutation model (using a Markov chain Monte Carlo technique described in the user's manual), or supplied by the user (e.g. a real genomic sequence). A user-specified burn-in period of many generations (Fig. 1) ensues during which new mutations are introduced to allow the ancestral population to reach mutation/selection balance. Upon completion of the burn-in period, speciation events and demographic effects can occur. After the final generation is simulated, a random sample of individuals (including all of their chromosomes) is drawn without replacement.
In order to make the program as broadly useful as possible, SFS_CODE stores many details about each mutation event (Table 1) . By modeling each locus as having finitely many sites that can receive multiple mutations (infinite-sites options also available), more realistic data can be generated to better understand the factors contributing to observed sequence data (e.g. Hernandez et al., 2007) , and to better understand patterns of synonymous and non-synonymous variation within coding genes (e.g. Boyko et al., 2008) . By reporting additional information about each mutation (Table 1) , it is possible to use SFS_CODE to address a wide range of questions, from specific details regarding the relationship between the age of a mutation and its effect on fitness to general patterns of linkage disequilibrium between loci at a given physical distance, etc.
In order to improve efficiency, SFS_CODE only stores a single consensus sequence for each population. Unique haplotypes then only need to contain the specific mutations that define them [which are stored as a self-balancing binary tree for quick retrieval (Sleator and Tarjan, 1985) ]. A given individual is then just a collection of haplotypes at each locus. Such data structures enable efficient scaling properties, such that for fixed population-scaled mutation and recombination rates of 0.001 per site, simulating 1000 diploid individuals for 10 000 generations takes 1.09 s for a 1 Kb sequence, but only 255.98 s for a 1 Mb sequence.
